Two-dimensional particle-in-cell simulations are performed to study electron acceleration in collisionless magnetic reconnection. The process of electron acceleration is investigated by tracing typical electron trajectories. When there is no initial guide field, the electrons can be accelerated in both the X-type and O-type regions. In the X-type region, the electrons can be reflected back and enter the acceleration region several times before they leave the diffusion region. In this way, the electrons can be accelerated by the inductive electric field to high energy. In the O-type region, the trapped electrons can be accelerated when they are trapped in the magnetic island. When there is an initial guide field, the electrons can only be accelerated in the X-type region, and no obvious acceleration is observed in the O-type region. In the X-type region, the electrons are not demagnetized and they gyrate with the force of the guide field. Although no electron reflection is observed in this region, the acceleration efficiency can be enhanced through staying longer time in the diffusion region due to their gyration motion.
I. INTRODUCTION
Magnetic reconnection is a fundamental plasma transport process which rapidly converts magnetic energy into plasma energy. [1] [2] [3] This conversion involves topological changes of the magnetic fields, and it also leads to both heating and acceleration of ions and electrons. Magnetic reconnection is used to explain many explosive phenomena in space and laboratory plasma, such as solar flares in the corona, 4 ,5 the heating of solar corona, 6, 7 substorms in the Earth's magnetosphere, 8, 9 and disruptions in laboratory fusion experiments. 10 The first theoretic model for magnetic reconnection was proposed by Sweet 11 and Parker. 12 Ever since then, theoretic studies along this line have been reported in numerous articles, which include analytical theories and computer simulations. Recently the geospace environment modeling ͑GEM͒ magnetic reconnection challenge shows that the Hall term is a critical ingredient in determining the collisionless reconnection rate in the Harris current sheet model. 13 Some threedimensional simulations are also carried out to study reconnection physics. [14] [15] [16] [17] However, these studies focus on the reconnection rate and electromagnetic structures in magnetic reconnection. The particle dynamics, especially the electron dynamics, is paid little attention. In fact, there is observational evidence that a significant portion of the magnetic energy released during reconnection is converted into kinetic energy of energetic electrons, and the electron acceleration is one of the important signatures in magnetic reconnection. In the solar flares, x ray is thought to be generated by the energetic electrons in magnetic reconnection. [18] [19] [20] In the Earth's magnetotail, there have been direct measurements of energetic electrons during magnetic reconnection, and many consequent phenomena, such as aurora, are attributed to these energetic electrons. [21] [22] [23] Energetic electrons are also seen during sawtooth crashes and disruptions in laboratory tokamak experiments. 24 Electron dynamics in magnetic reconnection has been previously studied using analytical theories and test particle calculations in different magnetic-and electric-field configurations. [25] [26] [27] [28] In such studies, the electron orbits are followed in the given electromagnetic fields. The electric and magnetic fields are usually assumed to be independent of time and have a simple dependence on the spatial coordinates, while a spatially constant electric field is normally imposed along the out-of-plane direction. Therefore, direct acceleration by the reconnection electric field is the only possible mechanism for energetic electrons in these studies. Recently, several authors have investigated electron acceleration in magnetic reconnection with particle-in-cell ͑PIC͒ simulations. In PIC simulations, the particle dynamics and electromagnetic fields are solved self-consistently. Hoshino and co-workers 29, 30 studied the electron acceleration process in magnetic reconnection with PIC simulations, and their model did not include the initial guide field. They found that electrons are accelerated not only around the X-type region due to the meandering motion but also near the magneticfield pileup region due to the ٌB drift and the curvature drift. Ricci et al. 31 investigated the electron acceleration and heating for different plasma ␤ by tracing typical electron trajectories passing through the reconnection region and found that the meandering orbits of the electrons disappear when the plasma ␤ is decreased.
In this paper, based on a two-dimensional ͑2D͒ PIC simulation code, we explore the acceleration process of electrons in collisionless magnetic reconnection with and without the guide field by tracing typical electron trajectories. Not only the electron dynamics in the X-type region but also in the O-type region is investigated in our study. We also dis-cuss the influence of the in-plane electric field on the electron acceleration, which has not been discussed before.
The paper is organized as follows. In Sec. II, we describe the 2D PIC simulation code. The simulation results, which focus on the acceleration process of electrons in reconnection region, are presented in Sec. III. The discussion and conclusions are given in Sec. IV.
II. SIMULATION MODEL
A 2D PIC simulation code is used in this paper to study the electron dynamics in magnetic reconnection. In the simulations, the electromagnetic fields are defined on the grids and are updated by solving the Maxwell equations with a full explicit algorithm. 32 The ions and electrons are advanced in the electromagnetic fields.
In our simulation model, the initial configuration is a one-dimensional Harris current sheet in the ͑x , y͒ plane, and the initial magnetic field can be given by
where B z0 is the guide field and ␦ is the half-width of the current sheet. L y is the size of the simulation domain in the y direction. The corresponding number-density is
͑2͒
where n b represents a uniform, nondrift background plasma. The plasma particle distribution functions for the ions and electrons are Maxwellian, and their drift speeds in the z direction satisfy V i0 / V e0 =−T i0 / T e0 , where V i0 ͑V e0 ͒ and T i0 ͑T e0 ͒ are the drift speed and initial temperature for ions ͑electrons͒, respectively. In our simulations, the temperature ratio is T i0 / T e0 = 5, and n 0 =5n b . The current sheet width is ␦ = 0.5c / pi , where c / pi is the ion inertial length defined using the peak Harris density n 0 . The mass ratio is m i / m e = 100, and c =20 A where A is the Alfven speed based on B 0 and n 0 .
The computation is carried out in a rectangular domain in the ͑x , y͒ plane with dimension L x ϫ L y = ͑12.8c / pi ͒ ϫ ͑6.4c / pi ͒. We employ a N x ϫ N y = 256ϫ 128 simulation grid system, so the spatial resolution is ⌬x = ⌬y = 0.05c / pi = 0.5c / pe =3 De , where De is the electron Debye length. The time step is pe ⌬t = 0.3 or equivalently ⍀ i ⌬t = 0.0015. In all runs we employ more than 1.0ϫ 10 6 particles per species to represent the plasma of the Harris current sheet, and the same number of particles is used to represent the background plasma. The periodic boundary conditions are used along the x direction. The ideal conducting boundary conditions for electromagnetic fields are employed in the y direction, and particles are reflected after they reach the boundaries.
In order to put the system in the nonlinear regime from the beginning of the simulation, an initial flux perturbation is introduced to modify the Harris current sheet configuration, which has the form
͑3͒
where is the vector potential component A z , and the value of 0 is chosen as 0 / ͑B 0 c / pi ͒ = 0.05.
III. SIMULATION RESULTS
In this paper, we perform 2D PIC simulations to investigate the effect of in-plane and out-of-plane electric fields on electron acceleration. Two cases are run in the simulations, runs 1 and 2, whose initial guide fields are B z0 / B 0 = 0 and B z0 / B 0 = 1, respectively.
A. The electric fields in the diffusion region
Previous particle and hybrid simulations have shown that the nonlinear reconnection rate will be substantially modified when the guide field is sufficiently large. Figure 1 shows the time evolution of the reconnected magnetic flux ⌬ for runs 1 and 2. Here the magnetic flux ⌬ is defined as the flux difference between the X and O lines, and its slope can be served as an indicator of the magnetic reconnection rate. Similar to previous simulations, the reconnection rate in run 2 is substantially smaller than that in run 1. In run 1, the magnetic flux ⌬ begins to increase at ⍀ i t ϳ 10 and reaches its maximum value of ⌬ / ͑B 0 c / pi ͒ϳ1.6 at ⍀ i t ϳ 23. In run 2, the magnetic flux ⌬ begins to increase at ⍀ i t ϳ 10 and reaches its maximum value of ⌬ / ͑B 0 c / pi ͒ϳ1.4 at ⍀ i t ϳ 27. From the figure, we can also find that the fastest reconnection rate occurs at ⍀ i t ϳ 19 and ⍀ i t ϳ 23 for runs 1 and 2, respectively. 
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component B z exhibits the characteristic quadrupole pattern with the maximum amplitude of about 0.1B 0 . E x forms a bicrescent shape symmetric along x = L x / 2 with a negative value in region x Ͻ L x / 2 and a positive value in region x Ͼ L x / 2, while E y forms two strips symmetric along y = L y /2 with a positive value in region y Ͻ L y / 2 and a negative value in region y Ͼ L y / 2. The inductive electric field E z is roughly circular with the center at the X line and a radius about 3.0c / pi . Similar electromagnetic structure has also been obtained by Pritchett 32 and Hoshino. Compared with the case with initial guide field B z0 / B 0 = 0, there is no obvious difference for the shape of the magnetic-field lines in the x-y plane and the inductive electric field E z in the diffusion region, and now E z has smaller value due to the reduced reconnection ratio. However, the quadrupole pattern of the fluctuating field B z Ј is distorted, and the positive value occupies most of the region inside the magnetic island while the negative value occupies a small region exterior to the magnetic island. The symmetry of E x and E y is also destroyed. The regions above and below the X line are occupied by the electric field in the +x and −x directions, respectively. Pritchett and Coroniti also obtained similar structure with three-dimensional ͑3D͒ PIC simulations.
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B. Electron dynamics during magnetic reconnection
We investigate the process of electron acceleration during collisionless magnetic reconnection by tracing several typical electron trajectories. Figure 4 depicts two typical electron trajectories for run 1. The first electron passes through the X-type region during the time period from ⍀ i t = 18.5 to ⍀ i t = 20, and its start and end points are denoted by A1 and E1. The second electron is trapped in the O-type region during the time period from ⍀ i t = 17.5 to ⍀ i t = 19.5, and its start and end points are denoted by A2 and D2. The time evolutions of ͑a͒ the kinetic energy, ͑b͒ x / A , ͑c͒ y / A , and ͑d͒ z / A of the first electron for run 1 are presented in Fig. 5 . The electron starts at A1, and from B1 the electron begins to enter the X-type region, where it is demagnetized. The period from B1 to C1 describes the electron dynamics in the X-type region, where the electron is reflected by the electric field E y twice and is trapped in the X-type region. During this period the electron obtains high energy because it is accelerated by the reconnection electric field E z and gets large positive z . After the electron arrives at C1, it enters the magnetic-field line pileup region. With the force of the magnetic field and the electric field E x , the electron dynamics is complicated. The electron is accelerated by the inductive electric field E z when it has positive z , and it is decelerated by E z when it have negative E z . However, in average, there is no obvious increase of the electron kinetic energy during the period from C1 to D1 in the magnetic-field line pileup region. At the position D1, the electron obtains a positive velocity in the y direction y and begins to enter the lobe region. During the period from D1 to E1, the electron velocity 
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The process of electron acceleration… Phys. Plasmas 13, 012309 ͑2006͒ is diverted to the −x direction and gains an outflow velocity along the magnetic field. Figure 6 shows the time evolutions of the velocities ͑a͒ the kinetic energy, ͑b͒ x / A , ͑c͒ y / A , and ͑d͒ z / A of the second electron for run 2. Note that in our simulations periodical boundary condition is used in the x direction, and particles leaving one side will enter the simulation domain from the other side. From position A2, the electron moves to the +x direction and it is reflected at position B2, where the electron attains larger absolute value of x . At the same time, the electron is also accelerated in the +z direction by E z . At the position C2, the electron is reflected again and accelerated with the same mechanism. In this way, the electron obtains high energy gradually. It should be mentioned that in this region the motion of the electron is nonadiabatic because its gyroradius is comparable with the radius of curvature of the magnetic-field lines, 34, 35 and the electron is only accelerated before the quasiequilibrium stage is reached. Therefore, the electron can be stochastically accelerated when it is trapped in the magnetic island, and the process is also related to the evolution of the magnetic island. 
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2. The first electron passes through the X-type region during the time period from ⍀ i t =19 to ⍀ i t = 21.5, and its start and end points are denoted by A1 and D1. The second electron is trapped in the O-type region during the time period from ⍀ i t = 17.5 to ⍀ i t = 21, and its start and end points are denoted by A2 and D2. The time evolutions of ͑a͒ the kinetic energy, ͑b͒ x / A , ͑c͒ y / A , and ͑d͒ z / A , of the first electron for run 2 are presented in Fig. 8 . The position of the electron starts at A1, which is in the lobe region. When the electron is in the X-type region from B1 to C1, it is accelerated by the inductive electric field E z . Now in the diffusion region the electron is not demagnetized due to the existence of the magnetic field B z , and it gyrates in the diffusion region. No reflection by the magnetic or electric forces is observed when the electron is in the diffusion region. In general the electrons stay in the diffusion region for longer time than run 1 due to their gyration, and they can be accelerated to higher energy by the inductive electric field E z . After the electron leaves the X-type region at position C1, it is diverted by the magnetic field to the +x direction and leaves the X-type region along the magnetic field. The second electron is trapped in the O-type region, and the time evolutions of its velocities ͑a͒ the kinetic energy, ͑b͒ x / A , ͑c͒ y / A , and ͑d͒ z / A are presented in Fig. 9 . Because the motion of the electron is mainly controlled by the magnetic field B z , it gyrates in the O-type region and its motion is adiabatic. Although the electron is reflected at position B2 and C2, no obvious acceleration is observed. Figure 10 shows the electron energy spectrum integrated over the pitch angle for ͑a͒ run 1 and ͑b͒ run 2. Electron acceleration can be obviously found in the figure. The highenergy parts of the electron distributions approximately fit a 
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power law distribution, f ϰ E −␣ , where the power indices ␣ are about 5.8 and 6.2 for runs 1 and 2, respectively. There are more high-energy electrons in run 1, because in run 2 the electrons are only accelerated in the X-type region while in run 1 the electrons can be accelerated both in X-type and O-type regions. This point can be demonstrated in Fig. 11 , which shows the positions of the energetic electrons whose energy is larger than 0.3mc 2 for ͑a͒ run 1 and ͑b͒ run 2. In run 2, the energetic electrons are concentrated in the lobe, where the electrons have just left from the diffusion region after they are accelerated. In run 1, the energetic electrons are also found in the magnetic island.
IV. CONCLUSIONS AND DISCUSSIONS
Energetic electrons are an important signature of magnetic reconnection. In this paper, with 2D PIC simulations, we investigate the process of electron acceleration in both the X-type and O-type regions during magnetic reconnection with and without the guide field by tracing the typical electron trajectories. During the magnetic reconnection without the initial guide field B z , the electrons can be accelerated in both the X-type and O-type regions. In the X-type region, after the electrons enter the diffusion region, they can be reflected by the combination of magnetic and electric forces and reenter the region several times. Therefore, the electrons can be accelerated several times in the diffusion region by the inductive electric field E z to high energy. In the O-type region, the motions of the trapped electrons are stochastic, and they can be accelerated when they are reflected by the magnetic island. The process of electron acceleration is also related to the evolution of the magnetic island. During magnetic reconnection with the initial guide field B z / B 0 = 1, the electrons can only be accelerated in the X-type region. In the X-type region, the electrons are no longer demagnetized and they gyrate with the force of the magnetic field B z . The electrons are diverted to the x direction and leave the diffusion region directly after they are accelerated in the z direction by the inductive electric field. No electron reflection is observed in this region. However, due to their gyration motion, the electrons can stay for a longer time and the acceleration efficiency is enhanced. In general, there are more energetic electrons in the diffusion region during magnetic reconnection with the initial guide field. The power index of the electron energy spectrum is larger in the magnetic reconnection with the initial guide field than that without the initial guide field, because the electrons can be accelerated in both the X-type and O-type regions during magnetic reconnection without the initial guide field.
The process of electron acceleration during magnetic reconnection has also been conducted by Ricci et al. 31 and Hoshino and co-workers, 29, 30 where they focused the electron acceleration in the X-type region. Ricci et al. 31 used an implicit PIC code with coarse grid size and time step, which cannot resolve the details of the process of electron acceleration discussed in the paper. Hoshino and co-workers 29, 30 found that the electrons can be accelerated in the magneticfield pileup region as well as in the diffusion region. However, our study shows that there is no further electron acceleration in the pileup region, and it is consistent with the Wind spacecraft observations. 23 In this paper we use unrealistic ion-to-electron mass ratio and light speed. Mass ratio is considered to have a strong influence on the electron acceleration, and we think that the energetic electrons can be accelerated to much more higher energy if a realistic ion-toelectron mass ratio is used. Although the mechanisms of electron acceleration during magnetic reconnection can be well understood from our study, it is difficult to compare the electron energy with the observations at present. FIG. 10 . The electron energy spectrum integrated over the pitch angle for runs 1 and 2. The spectrum is obtained at ⍀ i t = 24 for run 1 and ⍀ i t = 26 for run 2. The electron energy spectrum at initial time is also presented in the figure.   FIG. 11 . The positions of the energetic electrons whose energy is larger than 0.3mc 2 for ͑a͒ run 1 and ͑b͒ run 2.
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